In microfluidics, electric fields are widely used to assist the generation and the manipulation of droplets or jets. However, uncontrolled electric field can disrupt the operation of an integrated microfluidic system, for instance, through undesired coalescence of droplets, undesired changes in the wettability of the channel wall or unexpected death of cells. Therefore, an approach to control the distribution of electric fields inside microfluidic channels is needed. Inspired by the electro-magnetic shielding effect in electrical and radiation systems, we demonstrate the shielding of electric fields by incorporating 3D metallic coils in microfluidic devices. Using the degree of coalescence of emulsion drops as an indicator, we have shown that electric fields decrease dramatically in micro-channels surrounded by these conductive metallic coils both experimentally and numerically. Our work illustrates an approach to distribute electric fields in integrated microfluidic networks by selectively installing metallic coils or electrodes, and represents a significant step towards large-scale electro-microfluidic systems.
Introduction
Electric fields are frequently used in droplet-based microfluidics to assist the droplet generation and manipulation [1] [2] [3] . The application of electric fields can alter the stability of interfaces between immiscible fluids. In an electric field, the interfaces of fluids are polarized or charged. These charged interfaces experience an electric stress, which is quantified as the multiplication of an electric field's strength, E, by electric charges, Q: F E = E¨Q. Such electric stress tends to deform the liquid interface against interfacial tension, γ, which resists the deformation. The competition between the two stresses can be characterized by the electro-capillary number: Ca e " ε 0 εRE 2 γ , where ε 0 is the vacuum permittivity, ε is the dielectric constant of the liquid, and R is the radius of curvature. When Ca e is larger than unity, the electric stress is sufficient to overcome the restoring capillary pressure and deform the liquid interfaces. Consequently, droplet elongation and jet thinning can be more easily achieved, enabling controlled formation of micro-and nano-scaled droplets [4, 5] and fibers [6] . Additionally, the electric stress can cause the coalescence of neighboring emulsion droplets [7, 8] ; this phenomenon is often known as electro-coalescence and is frequently utilized in applications including triggered chemical reaction [9] , injection of liquid contents into stabilized droplets [1, 10] , droplet mixing [3] and characterization of emulsion stability [11] .
Micromachines 2015, 6, 1459-1468; doi:10.3390/mi6101430
www.mdpi.com/journal/micromachines Despite its usefulness in various applications, an uncontrolled electric field can introduce undesired effects in microfluidics. For instance, electric fields will cause the coalescence of densely packed emulsions in microfluidic devices, which are commonly used for pico-injection of reagents into droplets [10] and for high throughput biological assays [12, 13] . An uncontrolled electric field will also change the wettability of a substrate [14, 15] , leading to unexpected changes in droplet structures and sizes [16] [17] [18] [19] . Additionally, due to its ability to change the permeability of cell membranes [20] , the presence of an electric field in undesired parts of a microfluidic process can harm biological cells, or even cause their death [21] .
Therefore, it is necessary to precisely control the distribution of electric fields in integrated microfluidic devices. In places where electric fields are needed, the channel design should enable electric field-induced phenomena, such as electro-coalescence; in locations where electric fields are deemed detrimental to the application, novel ways to shield the channel from undesired electric fields are needed.
In this study, we insert segments of a microfluidic channel into a 3D metallic coil to shield the electric field. This is analogous to the electro-magnetic shielding in radiation and electrical systems [21, 22] and "Faraday Mote" [23] where an electric field has been shown to be shielded in a space enclosed by a good electrical conductor. In our work, the shielding efficiency is systematically studied by the dynamic behaviors of pairs of droplets under an electric field. Our results demonstrate that the 3D metallic coil can prevent the electro-coalescence of emulsions efficiently and conveniently. In addition, we have confirmed the effectiveness of the coil for reducing electric fields through a numerical simulation using COMSOL. Moreover, we find that the shielding effectiveness increases with increasing number density of the coil. Our approach in shielding electric fields using a 3D metallic coil will provide a simple and effective approach to tailor electric fields in sophisticated and integrated microfluidic devices for droplet-based engineering involving electric fields.
Experimental Section

Device Fabrication and Solution Preparation
We used water with 10 wt % polyethylene glycol (PEG, M W = 8000, Aladdin, Shanghai, China) as the droplet phase and paraffin oil (Aladdin, 36 mPa¨s) with 3 wt % EM 90, a non-ionic surfactant, as the continuous phase. The interfacial tension between the droplet phase and the continuous phase is 4.6˘0.1 mN/m, as measured by a spinning drop tensiometer (Kruss, SITE100, Hamburg, Germany).
A poly (methyl methacrylate) (PMMA) microfluidic device was fabricated by assembling three layers of PMMA boards. The primary PMMA boards were cut by using a laser-cutting machine (Universal Laser Systems, model VLS2.30, Scottsdale, AZ, USA) with pre-designed micro-channels. This device has two parts. The first part of the device is designed to generate and to store droplets, as shown in Figure 1A . To prepare emulsion droplets with a diameter less than 1.5 mm, approximately equal to the thickness of the PMMA board, a glass capillary (World Precision Instruments, Inc. 1B100F-6, Sarasota, FL, USA) with a tapering tip (diameter is 50 µm) was inserted into the PMMA device to flow the droplet phase, as shown in Figure 1 . This tapered glass capillary was achieved by pulling it using a micro-pipet puller (Sutter, P-97, Novato, CA, USA). In the second part of the device, which is used to study the dynamic behaviors of emulsion droplets in an electric field, droplets flowed into an observation channel with a width of 1.5 mm. The schematic of the observation channel is shown in Figure 1B . Points "a", "b", "e" and "f" represent the left electrode, inlet of the droplet flow, outlet of the droplet flow and the right electrode respectively. An iron coil, which was prepared by winding an iron wire (wire diameter is (0.125˘0.025) mm) around a cylinder with an outer diameter of 1 mm, was inserted into the observation channel with an inlet "c" and outlet "d". The inlet of the coil is 12 mm away from the left electrode while the outlet of the coil is 19 mm away from the left electrode. To avoid effects due to the edge of the coil, we limited our observation to within the space of the coil that is between 12.5 and 18.5 mm away from the left electrode. An electrical field, E, is established along the observation channel by connecting the two electrodes to a high voltage power supply (Tianjian Dongwen, Tianjian, China). The distance between the two electrodes is 30 mm.
Micromachines 2015, 6, page-page 3 electrode. An electrical field, E, is established along the observation channel by connecting the two electrodes to a high voltage power supply (Tianjian Dongwen, Tianjian, China). The distance between the two electrodes is 30 mm. The observation window for studying the emulsion dynamics in an electric field. There are two electrodes on the left and right sides of the observation channel, which are referred to as "a" and "f" in the schematic. Droplets flow from inlet "b" into the observation channel and then leave from outlet "e". A metallic coil is inserted inside the middle of channel from "c" to "d". A high voltage is applied to the device by connecting the electrodes to a power supply. dp is the distance between each pitch of the coil; r is the radius of droplets; h is the distance between two droplets.
Experimental Procedure
The droplet phase and the continuous phase were both pumped into the device using syringe pumps (Longer Pump, LSP01-2A, Baoding, China) at controlled flow rates. There were four inlets of liquids, as marked in Figure 1 . Inlet 1 was used to pump the droplet phase. The other three inlets were used to pump the continuous phase. During the process of the emulsion generation, only pumps connected with inlets 1 and 2 were opened, resulting in the generation of PEG droplets. Droplet sizes were varied by changing the flow rates. Following droplet generation, pumps for inlets 1 and 2 were stopped, and the formed droplets were stored in the long channels before entering the observation channel. For each observation, only two droplets with the same sizes were injected from the storage channel into the observation channel by opening inlet 2. Inlet 3 and inlet 4 were used to manipulate the position of the droplet pair along the observation channel as well as the distance between them. Before applying an electric field to the microfluidic device, all the pumps were stopped. The velocities of the two droplets were less than 1 mm/min; thus the two droplets were considered not to be moving. We therefore ignored the viscous shear effect of the continuous phase during our experiments considering the capillary number which characterizes the completion between the viscous force and the interfacial tension ( = , where μ is the viscosity of the continuous phase and v is the velocity) is less than 1 × 10 −4 . Droplet behaviors in an electric field were captured by a high-speed camera (Phantom V9.1, Vision Research, Wayne, NJ, USA) connected to a microscope (Motic, AE2000 Trinocular Inverted Microscope, Xiamen, China). The distance between the two droplets, h, as well as the radius, r, of the droplets were measured using the open-source software Image J. A relative distance, H, which is defined as: = , is used to describe the ratio of distance to its radius. The applied electric field in the microchannel is calculated by dividing the voltage, U, applied across the two electrodes with the separation distance, L, between them: = .
Numerical Model
The static electric field in the device is simulated using COMSOL (COMSOL Multiphysics 4.3b, Stockholm, Sweden). In the experiment, the length of the channel was 30 mm and the diameter of droplets was less than 0.6 mm. Considering that there were only two droplets in the channel, the The observation window for studying the emulsion dynamics in an electric field. There are two electrodes on the left and right sides of the observation channel, which are referred to as "a" and "f" in the schematic. Droplets flow from inlet "b" into the observation channel and then leave from outlet "e". A metallic coil is inserted inside the middle of channel from "c" to "d". A high voltage is applied to the device by connecting the electrodes to a power supply. d p is the distance between each pitch of the coil; r is the radius of droplets; h is the distance between two droplets.
Experimental Procedure
The droplet phase and the continuous phase were both pumped into the device using syringe pumps (Longer Pump, LSP01-2A, Baoding, China) at controlled flow rates. There were four inlets of liquids, as marked in Figure 1 . Inlet 1 was used to pump the droplet phase. The other three inlets were used to pump the continuous phase. During the process of the emulsion generation, only pumps connected with inlets 1 and 2 were opened, resulting in the generation of PEG droplets. Droplet sizes were varied by changing the flow rates. Following droplet generation, pumps for inlets 1 and 2 were stopped, and the formed droplets were stored in the long channels before entering the observation channel. For each observation, only two droplets with the same sizes were injected from the storage channel into the observation channel by opening inlet 2. Inlet 3 and inlet 4 were used to manipulate the position of the droplet pair along the observation channel as well as the distance between them. Before applying an electric field to the microfluidic device, all the pumps were stopped. The velocities of the two droplets were less than 1 mm/min; thus the two droplets were considered not to be moving. We therefore ignored the viscous shear effect of the continuous phase during our experiments considering the capillary number which characterizes the completion between the viscous force and the interfacial tension (Ca " µv γ , where µ is the viscosity of the continuous phase and v is the velocity) is less than 1ˆ10´4. Droplet behaviors in an electric field were captured by a high-speed camera (Phantom V9.1, Vision Research, Wayne, NJ, USA) connected to a microscope (Motic, AE2000 Trinocular Inverted Microscope, Xiamen, China). The distance between the two droplets, h, as well as the radius, r, of the droplets were measured using the open-source software Image J. A relative distance, H, which is defined as: H " h r , is used to describe the ratio of distance to its radius. The applied electric field in the microchannel is calculated by dividing the voltage, U, applied across the two electrodes with the separation distance, L, between them: E " U L .
Numerical Model
The static electric field in the device is simulated using COMSOL (COMSOL Multiphysics 4.3b, Stockholm, Sweden). In the experiment, the length of the channel was 30 mm and the diameter of droplets was less than 0.6 mm. Considering that there were only two droplets in the channel, the dimension ratio between the droplets and channel was less than 4%. Therefore, we ignored the modification of the electrical field caused by the presence of droplets.
A 3D structure of the device was established based on the dimensions of the observation channel, as shown in Figure 2A . Its total length was 30 mm, and two electrodes with 1 mm width and 1.5 mm height were placed at the beginning and the end of the channel, as shown in Figure 2B . 3 layers of PMMA boards enclosed the space of observation channel. The PMMA device was placed in air. The relative permittivity of PMMA and paraffin oil was set to be 4.9 [24] and 2.2 [25] respectively. The negative real relative permittivity of the iron was on the order of 10 4 [26] . The electrical conductivity values of PMMA, paraffin oil, and iron were set as 3ˆ10´1 3 [27] , 1ˆ10´1 2 [28] , and 1ˆ10 7 S/m [29] , respectively. The electrical potential of the electrode on the left side of the channel was set to be the value of the applied voltage, U. The electrical potential of the electrode on the right side of the channel was 0 V and the metallic coil had a floating potential. For simulation results with a higher precision, the sequence type of the simulation model was chosen to be "physics-controlled mesh" and the element size of the simulation model was chosen to be "extra fine" from the various options available in COMSOL.
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A 3D structure of the device was established based on the dimensions of the observation channel. Its total length was 30 mm, and two electrodes with 1 mm width and 1.5 mm height were placed at the beginning and the end of the channel. 3 layers of PMMA boards enclosed the space of observation channel. The PMMA device was placed in air. The relative permittivity of PMMA and paraffin oil was set to be 4.9 [24] and 2.2 [25] respectively. The negative real relative permittivity of the iron was on the order of 10 4 [26] . The electrical conductivity values of PMMA, paraffin oil, and iron were set as 3 × 10 −13 [27] , 1 × 10 −12 [28] , and 1 × 10 7 S/m [29] , respectively. The electrical potential of the electrode on the left side of the channel was set to be the value of the applied voltage, U. The electrical potential of the electrode on the right side of the channel was 0 V and the metallic coil had a floating potential. For simulation results with a higher precision, the sequence type of the simulation model was chosen to be "physics-controlled mesh" and the element size of the simulation model was chosen to be "extra fine" from the various options available in COMSOL. 
Results and Discussion
Dynamic Behaviors of Droplet Pairs under an Electric Field
Upon contact, two droplets will coalesce into a single one to minimize the total surface area [30, 31] . In microfluidics, such coalescence can be prevented by adding surfactants. These surfactant molecules can absorb to the droplet interfaces and provide a repulsive pressure [11, 32] to avoid the direct contact of the droplets [32] . Due to the presence of this repulsive pressure, emulsion droplets do not easily coalesce even when they are sheared by the flows in a microchannel or squeezed by the hydrostatic pressure when densely packed in a container. For instance, by adding 3 wt % EM90, a nonionic surfactant, into our continuous phase of paraffin, PEG droplets do not coalesce when they touch, as shown in Figure 3A1 , t = 0 s.
In an electric field, two surfactant-stabilized droplets can be forced to coalesce. For two touching emulsion droplets, an electric field will induce accumulation of opposite charges on the opposing interfaces. The charged interfaces attract each other and provide an electric stress to drive the approach of liquid droplets against the repulsive pressure [33] . For instance, in an electric field with an intensity of 1.3 × 10 5 V/m, two emulsion droplets stabilized using 3 wt % EM90 can be forced to coalesce, as shown in Figure 3A1 . 
Results and Discussion
Dynamic Behaviors of Droplet Pairs under an Electric Field
In an electric field, two surfactant-stabilized droplets can be forced to coalesce. For two touching emulsion droplets, an electric field will induce accumulation of opposite charges on the opposing interfaces. The charged interfaces attract each other and provide an electric stress to drive the approach of liquid droplets against the repulsive pressure [33] . For instance, in an electric field with an intensity of 1.3ˆ10 5 V/m, two emulsion droplets stabilized using 3 wt % EM90 can be forced to coalesce, as shown in Figure 3A1 . Similar to the touching droplets, two separated droplets can also be forced to touch and coalesce in a sufficiently large electric field. The applied electric field can polarize the droplets with a charge density of [34] :
where εd and εc are the dielectric constants of the droplet and continuous phases respectively. In our experiment, the charged droplet phase has a much larger dielectric constant than the continuous phase, εd >> εc. Therefore, the electric stress on the droplets can be written as [7] :
This electric stress will elongate a droplet and force it to adopt an elliptical shape. When the elongation of the droplet is small, the increase in the length, l, of the droplet along the direction of the electric field can be written as [34] :
where r is the radius of the droplet. Indeed, when the distance between the two separated droplets is small, for example, 90 μm, as shown in Figure 3A2 , an applied electric field with intensity of 2 × 10 5 V/m, can elongate them and cause coalescence. However, when the distance between the separated droplets is sufficiently large, on the order of the droplets' radius, the applied electric field can no longer force the droplets to touch by elongation, resulting in the separation of the droplets, as shown in Figure 3A3 [33] . Therefore, as we readily increase the distance between the two separated droplets (H), the behaviors of droplets in an electric field will change from coalescence to separation. Moreover, the applied electric field intensity that can trigger droplet coalescence increases with increasing separation distance. We summarize the droplet behaviors in terms of the relative distance and the applied voltage. For example, when the relative distance, H, is smaller than 0.5, droplets will coalesce upon an applied voltage of 3 kV; as H increases to 1, an applied voltage of 5 kV leads to Similar to the touching droplets, two separated droplets can also be forced to touch and coalesce in a sufficiently large electric field. The applied electric field can polarize the droplets with a charge density of [34] :
where ε d and ε c are the dielectric constants of the droplet and continuous phases respectively. In our experiment, the charged droplet phase has a much larger dielectric constant than the continuous phase, ε d >> ε c . Therefore, the electric stress on the droplets can be written as [7] :
where r is the radius of the droplet. Indeed, when the distance between the two separated droplets is small, for example, 90 µm, as shown in Figure 3A2 , an applied electric field with intensity of 2ˆ10 5 V/m, can elongate them and cause coalescence. However, when the distance between the separated droplets is sufficiently large, on the order of the droplets' radius, the applied electric field can no longer force the droplets to touch by elongation, resulting in the separation of the droplets, as shown in Figure 3A3 [33] . Therefore, as we readily increase the distance between the two separated droplets (H), the behaviors of droplets in an electric field will change from coalescence to separation. Moreover, the applied electric field intensity that can trigger droplet coalescence increases with increasing separation distance. We summarize the droplet behaviors in terms of the relative distance and the applied voltage. For example, when the relative distance, H, is smaller than 0.5, droplets will coalesce upon an applied voltage of 3 kV; as H increases to 1, an applied voltage of 5 kV leads to coalescence; when H increases to 2, droplets remain in separation even when the applied voltage reaches 9 kV during the experiment.
Preventing Electro-Coalescence Using a Metallic Coil
To prevent the electro-coalescence of the droplet pairs, we propose to shield the electric field by inserting a metallic coil into the micro-channel. Under an applied voltage, the electric field's intensity inside the metallic coil should be much smaller than the one without the coil. Thus, the droplets inside the metallic coil can remain separated at an applied voltage that would trigger their coalescence without the coil. Indeed, with the applied voltage of 4 kV, two touching droplets coalesce in the microchannel without the metallic coil. In contrast, the droplets remain separated at the same applied voltage inside the metallic coil, as shown in Figure 3C . Even when the applied voltage is increased to 9 kV, these droplets still do not coalesce. Thus, the inserted metallic coils can prevent the touching emulsion droplets from coalescence.
Numerical Simulation of the Electric Field Intensity Using COMSOL
To investigate and quantify the shielding efficiency of the inserted metallic coil, we used COMSOL to simulate the electric field in the modified devices with metallic coils under different applied voltages. For the device without a coil, the electric field strength in the channel was relatively uniform along the channel, as shown in Figure 4A . In addition, the value of the electric field from the numerical simulation was in good agreement with the one calculated using experimental parameters (E " U L ). For instance, when a voltage of 6 kV was applied, the simulated electric field in the channel without coil was around 1.96ˆ10 5 V/m, which is almost the same as the calculated electric field strength of 2ˆ10 5 V/m. In the presence of a metallic coil, the electric field's strength can be dramatically reduced, as shown in Figure 4B . At an applied voltage of 6 kV, the electric field's strength inside the coil was simulated to be: (8.3ˆ10 3˘1 .1ˆ10 4 ) V/m, which is just 5% of the one in the device without a coil, as shown in Figure 4C . Even when the applied voltage is increased to 9KV, the electric field's strength inside the coil is much smaller than the one without a coil, as shown in Figure 5A .
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Preventing Electro-Coalescence Using a Metallic Coil
Numerical Simulation of the Electric Field Intensity Using COMSOL
To investigate and quantify the shielding efficiency of the inserted metallic coil, we used COMSOL to simulate the electric field in the modified devices with metallic coils under different applied voltages. For the device without a coil, the electric field strength in the channel was relatively uniform along the channel, as shown in Figure 4A . In addition, the value of the electric field from the numerical simulation was in good agreement with the one calculated using experimental parameters ( = ). For instance, when a voltage of 6 kV was applied, the simulated electric field in the channel without coil was around 1.96 × 10 5 V/m, which is almost the same as the calculated electric field strength of 2 × 10 5 V/m. In the presence of a metallic coil, the electric field's strength can be dramatically reduced, as shown in Figure 4B . At an applied voltage of 6 kV, the electric field's strength inside the coil was simulated to be: (8.3 ×10 3 ± 1.1 × 10 4 ) V/m, which is just 5% of the one in the device without a coil, as shown as Figure 4C . Even when the applied voltage is increased to 9KV, the electric field's strength inside the coil is much smaller than the one without a coil, as shown in Figure 5A . Simulation of the electric field in microfluidic devices. The simulated electric field strength in the device: (A) without a coil; (B) with a coil. The scarlet color indicates the electric field strength is above 2 × 10 5 V/m. The navy blue indicates the electric field is close to 0 V/m; (C) Simulated electric field strength along the observation channel: blue dots (with a metallic coil); red squares (without a coil). The applied voltage is 6 kV. The yellow regions represent the space outside the coil; the gray regions represent the inlet and outlet of the coil; the blue region represents the space inside the coil. Points "a", "b", "c", "d", "e" and "f" represent the left electrode, the inlet of the droplet flow, the inlet of the coil, the outlet of the coil, the outlet of the droplet flow and the right electrode respectively.
While the 3D metallic coil can decrease the electric field inside it significantly, it is also important to know the dependence of shielding effectiveness on the density of the coil. Such coil Figure 4 . Simulation of the electric field in microfluidic devices. The simulated electric field strength in the device: (A) without a coil; (B) with a coil. The scarlet color indicates the electric field strength is above 2ˆ10 5 V/m. The navy blue indicates the electric field is close to 0 V/m; (C) Simulated electric field strength along the observation channel: blue dots (with a metallic coil); red squares (without a coil). The applied voltage is 6 kV. The yellow regions represent the space outside the coil; the gray regions represent the inlet and outlet of the coil; the blue region represents the space inside the coil. Points "a", "b", "c", "d", "e" and "f" represent the left electrode, the inlet of the droplet flow, the inlet of the coil, the outlet of the coil, the outlet of the droplet flow and the right electrode respectively.
While the 3D metallic coil can decrease the electric field inside it significantly, it is also important to know the dependence of shielding effectiveness on the density of the coil. Such coil density can be characterized by the pitch distance of the coil (d p ). The denser the coil is, the smaller d p will be. For the same applied voltage, when d p decreases, the simulated average electric field strength decreases as well, indicating a better shielding effect. For instance, when we decrease the pitch distance from 7 to 1 mm, the average electric field inside the coil decreases from 1.88ˆ10 5 to 5.7ˆ10 4 V/m, as shown in Figure 5B . Therefore, metallic coils with small pitch distance are favored to achieve an optimized effect of shielding the applied electric field. While the electric field is dramatically reduced inside the coil, the electric field outside the coil will be maintained. Thus, there is a sharp transition in the electric field's strength as the fluids enter and exit the section of the micro-channels enclosed by the metallic coil. For instance, at an applied voltage of 6 kV, the electric field's strength outside the coil changes from almost zero to (2.3˘0.12)ˆ10 5 V/m after exiting the coil, as shown in Figure 4C . Experimentally, at an applied voltage of 7.9 kV, pairs of neighboring droplets only start to coalesce as they approach the edge of the metallic coils, leading to an increase in droplet diameter from 310 to 395 µm, as shown in Figure 6A (see the Supplementary Movie S1). For a concentrated emulsion, at an applied voltage of 3 kV, a corresponding transition from a dense population of stable droplets inside the coil to electro-coalesced droplets outside the coil is also observed, as shown in Figure 6B (see the Supplementary Movie S2). These observations suggest a sharp decline in shielding effect near the edge of the metallic coil, confirming the effectiveness of our approach for spatially tailoring the distribution of electric fields.
Micromachines 2015, 6, page-page 7 density can be characterized by the pitch distance of the coil (dp). The denser the coil is, the smaller dp will be. For the same applied voltage, when dp decreases, the simulated average electric field strength decreases as well, indicating a better shielding effect. For instance, when we decrease the pitch distance from 7 to 1 mm, the average electric field inside the coil decreases from 1.88 × 10 5 to 5.7 × 10 4 V/m, as shown in Figure 5B . Therefore, metallic coils with small pitch distance are favored to achieve an optimized effect of shielding the applied electric field. While the electric field is dramatically reduced inside the coil, the electric field outside the coil will be maintained. Thus, there is a sharp transition in the electric field's strength as the fluids enter and exit the section of the micro-channels enclosed by the metallic coil. For instance, at an applied voltage of 6 kV, the electric field's strength outside the coil changes from almost zero to (2.3 ± 0.12) × 10 5 V/m after exiting the coil, as shown in Figure 4C . Experimentally, at an applied voltage of 7.9 kV, pairs of neighboring droplets only start to coalesce as they approach the edge of the metallic coils, leading to an increase in droplet diameter from 310 to 395 μm, as shown in Figure 6A (see the Supplementary Movie S1). For a concentrated emulsion, at an applied voltage of 3 kV, a corresponding transition from a dense population of stable droplets inside the coil to electro-coalesced droplets outside the coil is also observed, as shown in Figure 6B (see the Supplementary Movie S2). These observations suggest a sharp decline in shielding effect near the edge of the metallic coil, confirming the effectiveness of our approach for spatially tailoring the distribution of electric fields. 
Conclusions
Electric fields can change the behaviors of droplets significantly. For instance, emulsion droplets tend to coalesce in the presence of an applied electric field. However, an uncontrolled electric field will induce unintended coalescence, which is undesired in many practical applications. Micromachines 2015, 6, page-page density can be characterized by the pitch distance of the coil (dp). The denser the coil is, the smaller dp will be. For the same applied voltage, when dp decreases, the simulated average electric field strength decreases as well, indicating a better shielding effect. For instance, when we decrease the pitch distance from 7 to 1 mm, the average electric field inside the coil decreases from 1.88 × 10 5 to 5.7 × 10 4 V/m, as shown in Figure 5B . Therefore, metallic coils with small pitch distance are favored to achieve an optimized effect of shielding the applied electric field. While the electric field is dramatically reduced inside the coil, the electric field outside the coil will be maintained. Thus, there is a sharp transition in the electric field's strength as the fluids enter and exit the section of the micro-channels enclosed by the metallic coil. For instance, at an applied voltage of 6 kV, the electric field's strength outside the coil changes from almost zero to (2.3 ± 0.12) × 10 5 V/m after exiting the coil, as shown in Figure 4C . Experimentally, at an applied voltage of 7.9 kV, pairs of neighboring droplets only start to coalesce as they approach the edge of the metallic coils, leading to an increase in droplet diameter from 310 to 395 μm, as shown in Figure 6A (see the Supplementary Movie S1). For a concentrated emulsion, at an applied voltage of 3 kV, a corresponding transition from a dense population of stable droplets inside the coil to electro-coalesced droplets outside the coil is also observed, as shown in Figure 6B (see the Supplementary Movie S2). These observations suggest a sharp decline in shielding effect near the edge of the metallic coil, confirming the effectiveness of our approach for spatially tailoring the distribution of electric fields. . Dynamic behaviors of droplets in the device installed with a metallic coil when a voltage of (A) 7.9 kV is applied to a train of neighboring droplets; (B) 3 kV is applied to a dense population of emulsion droplets after 0 s. (A) A plot of the droplet diameter as a function of the distance from the outlet of the metallic coil. Inset: An optical microscope image of droplets as they exit the section of micro-channel surrounded by the coil. (B) A series of optical microscope images indicating the electro-coalescence of the droplets as they exit the metallic coil. Scale bars are 500 μm.
Electric fields can change the behaviors of droplets significantly. For instance, emulsion droplets tend to coalesce in the presence of an applied electric field. However, an uncontrolled electric field will induce unintended coalescence, which is undesired in many practical applications. . Dynamic behaviors of droplets in the device installed with a metallic coil when a voltage of (A) 7.9 kV is applied to a train of neighboring droplets; (B) 3 kV is applied to a dense population of emulsion droplets after 0 s. (A) A plot of the droplet diameter as a function of the distance from the outlet of the metallic coil. Inset: An optical microscope image of droplets as they exit the section of micro-channel surrounded by the coil. (B) A series of optical microscope images indicating the electro-coalescence of the droplets as they exit the metallic coil. Scale bars are 500 µm.
Electric fields can change the behaviors of droplets significantly. For instance, emulsion droplets tend to coalesce in the presence of an applied electric field. However, an uncontrolled electric field will induce unintended coalescence, which is undesired in many practical applications. We devised an approach to shield unwanted electric fields by including a 3D metallic coil around microfluidic channels. We showed that the inserted metallic coil can successfully shield an electric field and prevent touching droplets from coalescence. By numerically simulating the electric field within the modified microfluidic device, we demonstrated that the shielding effectiveness depends on the density of coil pitches. The shielding effectiveness increases with the increase of coil density. Our proposed approach of inserting a 3D metallic coil into microfluidic channels offers a simple, robust and effective approach to prevent undesired electro-coalescence by locally reducing the electric field. This approach can be easily adapted to tailor the electric field with custom-designed intensity in sophisticated and integrated microfluidic devices for applications involving electric fields.
